
Levine/Osornia

National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology

ExoPlanet Exploration Program

ExEP

NASA Tech Days 2012
Rochester, NY

July 31, 2012

Stuart Shaklan

Jet Propulsion Laboratory

California Institute of Technology

NASA’s Exoplanet Technology  Needs

Copyright 2012 California Institute of Technology. Government sponsorship acknowledged.



Shaklan

National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology

ExoPlanet Exploration Program

ExEP

Why it’s hard to see them
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• The planet is 10-10 times dimmer 

than the star.

•A star 20 parsec (66 ly) away, with

a planet 1 AU from the star: the 

angular separation is 0.05 arcsecond.

•Using a 10m telescope, operating 

at l=600 nm, the star / planet angular

separation would be 4 l/D 

(4th Airy ring).

Model spectrum of the Sun and Earth 

as seen from a distant star
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The Diffraction Problem
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Unfortunately, the 

planet would be 

right here (and 

about 10 billion 

times dimmer)

Log stretch

Slide courtesy of A. Give’on
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The Scatter Problem
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Image of a star

What’s left over

After removing diffraction
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Stellar Coronagraph: Remove Diffraction

August 2, 2009 Stuart Shaklan
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What happens when there is a planet?

The planet light 

goes through

the coronagraph 

unattenuated 

by the occulter. 
Slide courtesy of A. Give’on
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Wavefront Control for Scatter
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Xinetics, 64x64 DM

Boston Micromachine 

32 x32 MEMS

High Contrast Imaging Testbed (HCIT) provides 

experimental validation and guidance to models

occulter

Lyot

DM
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Hybrid Lyot Coronagraph Experimental Results

Coronagraph Technology Milestone:

Demonstration of ≤ 10-9 contrast w/ hybrid-Lyot Masks @ 3λ/D & 20% BW 

Facility: High Contrast Imaging Testbed 1, JPL

Current Status: 2×10-9 contrast @ 3-4 λ/D and 20%

Challenges: Calibration of the dielectric layer during manufacturing.

Trauger et al, 2012

Future Work: New masks, better contrast at 20%

bandwidth. Fabrication and testing of circular

masks

May 2, 2012 7
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Why are we getting stuck?

• Model inaccuracies:

– Knowledge of as-built mask: OD, phase, 

dispersion

– Knowledge of local mask imperfections

• “Large Number Subtraction”

– Broad-band control balances (relatively) large 

wavefront control across pupil with chromatic 

leverage at edge of pupil

August 2, 2009 Stuar
t 

8
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Mask Design vs. As-Built

• Mask fabricated by scanning a slit during 

vacuum deposition.  

– Thickness calibration with crystal monitor

– Thin film vs. bulk properties.

– Convolution with effective slit function

– Dispersion
August 2, 2009 Stuar

t 
9
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Dark Hole, spring 2012
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Diffuser image

03/12/2012
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Brian’s composite 

01/20/2011



Levine/Osornia

National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology

ExoPlanet Exploration Program

ExEP

Microscope image

02-29-2012
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Trns + refl. Dark field

02-29-2012
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S2.01 Proximity Glare Suppression
(was S2.02 prior to 2012)

• Lead Center: JPL

Participating Center(s): ARC, GSFC

Starlight Suppression Technologies 

• Advanced apodization mask or occulting spot fabrication 

technology controlling smooth density gradients to 10-4 with spatial 

resolutions ~1 µm, low dispersion, and low dependence of phase on 

optical density, in linear and circular patterns; 

• Metrology for detailed evaluation of compact, deep density 

apodizing masks, Lyot stops, and other types of graded and binary 

mask elements. Development of a system to measure spatial optical 

density, phase inhomogeneity, scattering, spectral dispersion, thermal 

variations, and to otherwise estimate the accuracy of masks and stops 

is needed; 

• Techniques to characterize highly aspheric optics;

• Methods of polarization control and polarization apodization 

• Components and methods to insure coating uniformity 

May 2, 2012 15
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S2.01 Continued

• Wavefront Control Technologies 

• Development of small stroke, high precision, deformable mirrors 

and associated driving electronics scalable to 104 or more actuators

– Process improvements are needed to improve repeatability, yield, 

and performance precision of current devices; 

– Reliability and qualification of actuators and structures in 

deformable mirrors to eliminate or mitigate single actuator failures; 

– Multiplexer development for electrical connection to deformable 

mirrors that has ultra-low power dissipation; and

• Instruments to perform broad-band sensing of wavefronts and 

distinguish amplitude and phase in the wavefront; 

– High precision wavefront error sensing and control techniques to 

improve and advance coronagraphic imaging performance.

– Development of techniques to improve the wavefront stability 

of the telescope beam, and/or to mitigate the residual instability. 

These include but are not limited to: the development of low order 

wavefront sensors, improved pointing techniques, as well as model-

based software algorithms that predict and subtract the instabilities 

in post-processing.

July 31, 2012 16
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S2.01 cont’d

• Optical Coating and Measurement Technologies 

• Instruments capable of measuring polarization cross-talk and 

birefringence to parts per million; 

• Highly reflecting broadband coatings for large (> 1 m diameter) 

optics

• Polarization-insensitive coatings  for large optics

• Other Technologies

• Artificial star and planet, point sources, with 1e10 dynamic range and 

uniform illumination of an f/25 optical system, working in the visible and 

near infrared.

• Deformable, calibrated, collimating source to simulate the telescope 

front end of a coronagraphic system undergoing thermal deformations.

July 31, 2012 17
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External Occulter 
slide courtesy of Chuck Lilly et al., 2007

Light years 15-80,000 km

• Diffraction of a star’s light by an “apodized” occulter yields a very dark shadow 

• A telescope located in the shadow can “peek” around the occulter and directly detect 

the planet’s light

July 31, 2012 Stuart Shaklan 18
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Starshade Construction and Deployment
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Precision Starshade

July 31, 2012 Stuar
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S2.02 Precision Deployable Optical Structures and Metrology

• Lead Center: JPL

Participating Center(s): GSFC, Langley RC

• Sunshades, telescope structures, and starshades

• Precision deployable structures and metrology for optical telescopes 

(e.g., innovative active or passive deployable primary or secondary 

support structures).

• Architectures, packaging and deployment designs for large sunshields 

and external occulters.

• Mechanical, inflatable, or other precision deployable technologies.

• Thermally-stable materials (CTE < 1ppm) for deployable structures. 

• Innovative systems, which minimize complexity, mass, power and cost.

• Innovative testing and verification methodologies.

• The goal for this effort is to mature technologies that can be used to 

fabricate 16 m class or greater, lightweight, ambient or cryogenic flight-

qualified observatory systems. 

July 31, 2012 21
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Current SBIR Awards

• 2011 Phase I:

– S2.02 Nanolab, Inc.:  Nanostructured Super-Black Optical Materials

– S2.02 Boston Micromachines Corp.: Topographic improvements in 

MEMs DMs for high-contrast, high-resolution imaging

– S2.03 Vanguard Space Technologies, Inc.:  Fabrication and 

Measurement of Precision Structures for External Occulter Optical 

Edges

• 2010 Phase II

– S2.02  BEAM Engineering for Advanced Measurements:  

Achromatic Vector Vortex Waveplates for Coronagraphy

– S2.02  Boston Micromachines Corp:  Enhanced Reliability MEMS 

Deformable Mirrors for Space Imaging Applications

– S2.02  IRIS AO, Inc. Picometer-Resolution MEMS Segmented DM

• 2009 Phase II

– S2.02  Boston Micromachines Corp.:  Compact Low-Power Driver 

for Deformable Mirror Systems

– S2.02  Boston Micromachines Corp.:  Enhanced Fabrication 

Process Development for High Actuator Count Deformable Mirrors
May 2, 2012 22
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The End
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BACKUP SLIDES
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Guyon (Univ of Arizona) / Kern (JPL) 
Phase Induced Amplitude Apodization

Coronagraph Technology Milestone #1:

Demonstration of ≤ 10-9 contrast with PIAA coronagraph at 2λ/D in laser light

Current Status: 3×10-8 4 x 10-9 contrast @ 2-3 λ/D. 

Challenges: Uncontrolled background, image motion.

Coronagraph Technology Milestone #2:

Demonstration of ≤  0.01 λ/D pointing stability w/ Low Order Wavefront Sensor.

Current Status: Closed-loop tracking at 1.6 Hz, 0.03 f λ/D rms residuals.

Challenges: Hardware for closed-loop control in vacuum.

Facility: High Contrast Imaging Testbed -2 , JPL.

Future Work: Milestone #2 runs in 1/2012. Milestone #1 runs afterwards                              

then proceed with TDEM10 for 10-9 contrast at 2λ/D in 10% BWD.

Trauger Guyon Krist Kendrick Clampin Kasdin Figer

LOWFS uses light blocked by 

the focal plane mask to 

measure low order aberrations 

with high sensitivity

~ 1 order magnitude 

improvement 

May 2, 2012 31
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• Use set of pinholes at Lyot stop to provide a 

reference field.

• Provides an independent means of electric field 
estimation.

• Compare to DM phase diversity.

• Advantage over DM diversity:

• DM actuator motion not known perfectly

• Can self calibrate the pinholes using pairs by 
blocking the Lyot Stop and obtaining a clean 
reference WF

• Working in broad-band light

• Agreement between the two techniques to 
s=18% over the 10% bandpass meets 
milestone level (goal of s=20%).

• Second step add incoherent background light to 
show that estimation technique remains unbiased

• All Milestone runs have been completed and a 
Milestone report is being prepared for ExoTAC review

800 nm

820 nm

840 nm

780 nm

760 nm

DM 

Diversity

Pinhole 

Diversity Diff

.

C
o
n
tr

a
s
t

Sliding binary mask

Mean broadbd

contrast ~10-8)
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Starshade Overview

Light years 15-80,000 km

• Diffraction of a star’s light by an “apodized” occulter yields a very 

dark shadow 

• A telescope located in the shadow can “peek” around the occulter 

and directly detect the planet’s light

slide courtesy of Chuck Lilly et al., 2007



Shaklan

National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology

ExoPlanet Exploration Program

ExEP

Starshade Development
N. J. Kasdin (Princeton University)

Starshade Technology Milestone:

Demonstrate through mechanical

measurements on a single petal made of

flight-like materials using optical

simulations based on those

measurements that contrasts of

≤ 3 × 10-10 at the inner working angle can 

be achieved.    

Facility: Assembly Handling Facility 

(Bldg 299), JPL.

Current Status: The measurements

have been completed and are within

milestone specifications.

Challenges: Mechanical measurements

over a large structure.

Future Work: Milestone report to be

completed in 2012.

May 2, 2012 34
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The Challenge

May 2, 2012 35

Imagine looking for a bump 

1/100 the thickness of a human 

hair…

90 microns / 100 = 9e-7 m

…on the slopes of Mt. Everest!!

9000 m = 9e3 m

That’s a ratio of 1e10, same as Earth to Sun contrast!!
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John Krist (JPL/Caltech) 
End-to-End Coronagraph Modeling

Coronagraph Technology Milestone #1:

Demonstration of fast & accurate propagator for Hybrid Lyot, PIAA, and Vector Vortex coronagraphs

with ≤ 1% errors when compared to more rigorous reference algorithms, ≤ 48 hours to

compute 2-DM (48x48) 5-wavelength response matrix on a modern workstation.

Coronagraph Technology Milestone #2:

Using propagators from Milestone #1, determine parameters for each coronagraph to achieve ≤ 10-10  

mean contrast over λ = 500–600 nm in a realistically aberrated system with wavefront control.

Trauger Guyon Krist Kendrick Clampin Kasdin Figer

Challenges: Design of Hybrid 

Lyot Masks has taken longer 

than anticipated.

Current Status: 

1st Milestone: PIAA and Vector 

Vortex completed. Hybrid Lyot

still in work.

2nd Milestone: PIAA 

completed, Vector Vortex in 

progress.

May 2, 2012 36
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Infrastructure Upgrades in FY’11

HCIT-1

HCIT-2 APEP

SIM chamber retrofit (HCIT-2) and new visible nuller chamber (APEP) provide augmented test 
capacity for starlight suppression demonstrations in JPL Building 318 high bay.

May 2, 2012 37
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Noecker/Kendrick (Ball Aerospace) & Shaklan (JPL) 
Advanced Speckle Sensing

Coronagraph Technology Milestone:

Demonstration of ≤ 20% rms difference between contrast maps obtained using pinhole vs standard

DM phase diversity approach, with ≤10-8 contrast using Lyot Masks @ 10% BWD.

Facility: High Contrast Imaging Testbed 1, JPL.

Current Status: ≤10–8 contrast, 18 % rms difference at 10% BWD.

Repeat with incoherent background light 

Challenges: Bandwidth sensitivity.

Future Work: Milestone Demo Completed. Final report March 2012

Trauger Guyon Krist Kendrick Clampin Kasdin Figer

800 nm

820 nm

840 nm

780 nm

760 nm

Sliding 

binary 

mask

DM 

Diversity
Pinhole 

Diversity
Diff.

Mean broadbd

contrast

May 2, 2012 39



Shaklan

National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology

ExoPlanet Exploration Program

ExEP

Mark Clampin (NASA GSFC) 
Visible Nulling Coronagraph

Coronagraph Technology Milestone:

Demonstration of ≤ 10-8 monochromatic contrast through visible nulling.

Facility: Visible Nulling Coronagraph Testbed, NASA GSFC.

Current Status: 1.5 x 10-6 @ 2λ/D contrast monochromatic.  New DM

installed in Dec. 2011.

Challenges: State of the art in segmented DMs.

Future Work: Complete milestone in 2012, follow-on with R. Lyon TDEM.

Trauger Guyon Krist Kendrick Clampin Kasdin Figer

Suppression at ~2 λ/D

of 1.50 x 10-6
Can move dark hole

around at will via DM

Dark hole at 2 λ/D

Focal Plane image

Results shown

with previous DM

New DM has 100% of 

segments working (163)

New DM now installed

Results shortly.

sidelobes

@ 15 λ/D

Focal Plane Image thru Spatial Filter Array

Image is 

coherent
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Donald Figer (Rochester Inst. Technology) 
A Photon Counting Detector for Exoplanet Missions

Detector Technology Milestone:

Demonstrate the performance of a 256 x 256 zero-read noise (Geiger mode) avalanche

photodiode after radiation testing.  The device must demonstrate a baseline photon detection

sensitivity of at least 35% at 350 nm, 50% at 650 nm, and 15% at 1000 nm.

Facility: MIT Lincoln Laboratory and Rochester Institute of Technology

Current Status: A silicon 256x256 diode array has been bonded to a Read Out Integrated Circuit; 

the array has been hybridized and tested; a first light image has been obtained with good 

response in the 300–1000 nm range.

Challenges: Scaling to larger number of pixels (1024x1024). 

Future Work: Radiation testing in 2012.

Trauger Guyon Krist Kendrick Clampin Kasdin Figer
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Visible Coronagraph Technology Accomplishments:
Modeling and Analysis Infrastructure

CORONAGRAPH MODELING TOOLS

• Near-field optical diffraction propagation 
models w/ broadband optical aberration & 
wavefront control

– Multiple propagation approaches for validation 

– Models for Shaped pupils, Band-limited masks, PIAA 

– Applied to HCIT, TPF-C, ACCESS, PECO 

–Test validation addressed in Technology Milestone #3

CORONAGRAPH ERROR BUDGET TOOL

• Generates top-down error budget of contrast to 
optical requirements for various Coronagraphs:

– Automated Matlab tool w/ Excel front-end, based on 
optical aberration sensitivities for various 
coronagraphs

–Applied to HCIT, TPF-C, ACCESS, PECO, DaVinci

REFEREED PUBLICATIONS:
M. Levine and J. Fanson, "Advanced Thermo-Structural Technologies for 
the NASA Terrestrial Planet Finder Mission", J. of Structural Control
and Health Monitoring, Vol 13, 1, Jan/Feb 2006, pp. 190-209 

S. Shaklan and J. Green, “Reflectivity and optical surface height 

requirements in a broadband coronagraph. 1.Contrast floor due to 
controllable spatial frequencies” Applied Optics, 45 (21) : 5143, 2006 

J. Trauger, W. Traub, and HCIT Team, “A laboratory demonstration of 
the capability to image an Earth-like extrasolar planet”, Nature  446, 
771-773 (April 2007)

K. Bala, “Band-limited image plane masks for the Terrestrial Planet 
Finder coronagraph: materials and designs for broadband performance” 
Applied Optics, vol. 47, Issue 2, pp.116-125 (2008)

EXTERNAL OCCULTER MODELING TOOL

• Efficient far-field Fresnel propagation 
algorithms for tolerancing external occulter 
deployment and stability:

– Evaluates contrast degradation as a function of 
wavelength, inner working angle, petal design & defect 

– Applied NWO, THEIA, & various occulter options

– Round-robin w/ NGAS, Ball, Princeton to verify results

INTEGRATED MODELING AND ANALYSES

• Integrates thermal/structural/optical/control 
analyses under one model for high fidelity end-to-
end contrast estimates  to on-orbit thermal and 
dynamic perturbations

– Applied to TPF-C, PECO, THEIA

Temperatures at the 

front-side of Occulter 

w/ sun at 5o (20 petals, 

54 m tip-to-tip)

Contrast degradation due to 

1mm width change in a 

single petal

PIAA residual image 

after DM correction 

(Shaklan SPIE 2007)
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